The acute self-stimulation of the medial forebrain bundle was reported to induce the expression of c-Fos, the protein product of c-fos, an immediate early gene, in the central nervous system. In the present study, we examined regional changes in c-Fos expression in several reward-related areas of rat brain in response to short-and long-term exposure to self-stimulation of the medial forebrain bundle. Short-term one-hour stimulation of the medial forebrain bundle for one day after training, which evoked steady self-stimulation behavior, signi!cantly increased the number of c-Fos-positive neurons bilaterally in all of 15 brain structures assayed, as compared to the non-stimulation control. Among them, structures showing a larger number of the stained neurons on the stimulated side were the anterior olfactory nucleus, amygdala, medial caudate-putamen complex, lateral septum, bed nucleus of the stria terminals, ventral pallidum, substantia innominata, lateral preoptic area, medial preoptic area, lateral hypothalamus rostral to the stimulating electrodes, and substantia nigra. Long-term stimulation of the medial forebrain bundle once daily for !ve successive days, which maintained consistently stable self-stimulation behavior, also increased the number of c-Fos-positive neurons in the aforementioned structures, as compared to the control. However, the long-term rewarding stimulation diminished the increased number of labeled neurons, as compared to the short-term rewarding stimulation. Seven areas, medial caudateputamen complex, ventral pallidum, substantia innominata, lateral preoptic area, medial preoptic area, rostral lateral hypothalamus and substantia nigra, showed asymmetrical, ipsilateral predominance after the short-and long-term stimulation. However, the stained neuron count in those areas after the long-term stimulation was reduced to less than 50% of that found after the short-term stimulation with the exception of lateral preoptic area and rostral lateral hypothalamus.
Expression of c-Fos, the protein product of the immediate early gene c-fos, is induced rapidly by a variety of stimuli and is used widely as a marker of neuronal activation. 30, 32 It has been reported that, in general, acute treatment with various stimuli such as stress, 37 electroconvulsive seizures 38 or drug treatments 5, 6, 15, 29, 34 induces c-Fos protein in the brain, whereas chronic treatment with the same stimuli reduces the c-Fos responsiveness. Similarly, recent studies using this marker have demonstrated that acute self-stimulation of the medial forebrain bundle (MFB) causes unilateral activation in many forebrain regions. 3, 14 Among these, the reward-related brain regions which revealed a higher density of labeled neurons with ipsilateral predominance were: medial prefrontal cortex, orbital cortex, septum, nucleus accumbens (NAC), bed nucleus of the stria terminalis (BST), substantia innominata (SI), lateral preoptic area (LPO), medial preoptic area (MPO), amygdala, lateral habenula, medial hypothalamus, lateral hypothalamus rostral to the stimulating electrodes (rostral lateral hypothalamus), or anterior ventral tegmental area (VTA). 3, 14 However, it is at present unknown as to whether the expression of c-Fos in the brain desensitizes in response to chronic self-stimulation. In the present study, therefore, we investigated regional changes in the expression of c-Fos-like protein, in the above reward-related areas of rat brain, in response to short-and long-term exposure to self-stimulation of the MFB.
EXPERIMENTAL PROCEDURES

Animals and surgical procedures
Male Wistar rats (Japan SLC Inc., Shizuoka, Japan), weighing 230-250 g at the time of surgery, were used. The animals were individually housed in cages, which were maintained on a 12 h light/dark cycle (lights on at 07.00) in a temperature controlled environment (23°C), with food and water available ad libitum. All the procedures for animal treatment and surgery were in accordance with the guidelines established by the Institute for Experimental Animals of Hamamatsu University School of Medicine and were approved by the local academic committee for animal experiments. The animals were anesthetized with sodium pentobarbital (50 mg/kg, i.p.) and placed in a Narishige stereotaxic apparatus with the skull "at between the bregma and lambda. The skull was exposed and holes were drilled, through which monopolar electrodes were bilaterally implanted in the MFB at the level of the lateral hypothalamus (LH) using the stereotaxic coordinates of 3.8 mm posterior to bregma, 1.6 mm lateral from the midline and 8.5 mm ventral from the surface of the skull. 24 Electrodes consisted of a stainless steel wire (0.2 mm in diameter) coated with polyurethane, except for the tip. The reference electrode, a 1.2 mm watch screw, was attached to the frontal bone. The electrode assembly was !xed to the skull with dental cement and anchor screws.
Self-stimulation procedure
Self-stimulation training was begun following !ve to seven days of post-operative recovery. The rats were trained to press a lever for brain rewarding stimulation of the MFB in a 25 # 30 # 28.5 cm transparent acrylic box using conventional shaping procedures. Depression of the lever delivered a 0.3 s train of 60 Hz sine waves on a continuous reinforcement schedule. The current intensity was varied by the experimenter and !nally !xed at the value between 30 and 80 µA that sustained stable lever-pressing. A stable level was operationally de!ned as at least 1500 lever presses/30 min session, which was counted by a computer. Self-stimulation was estimated for both electrodes but the electrode producing the stable self-stimulation without side effects including stimulation-induced movements and/or seizures was selected for further testing. The rats were then trained to press the lever using the selected electrode for another 30 min session on the same day, and were returned to home cages. Testing started at least 48 h later to wait for c-Fos expressed following the training procedure to disappear. The animals were placed in the self-stimulation box and were allowed to press the lever for brain-stimulation reward for 1 h for one day (short-term self-stimulation group; n = 6) or for !ve consecutive days (long-term self-stimulation group; n = 6). Rats placed in the testing box without receiving the stimulation for 1 h for one day (n = 4) or for !ve days in a row (n = 3) were used as controls (control group; n = 7).
Immunohistochemistry
Two hours following the !nal self-stimulation, each rat received an overdose of sodium pentobarbital (100 mg/kg, i.p.) and was perfused transcardially !rst with cold saline followed by cold freshly prepared 4% paraformaldehyde in 0.1 M phosphate buffer (pH Representative photomicrographs were taken with Technical Pan !lm (Kodak).
Statistics
To evaluate effects of stimulation on c-Fos expression in each structure, the bilateral average cell counts of c-Fospositive nuclei for the short-and long-term self-stimulation groups were compared, using the Mann-Whitney U-test, to the corresponding average for the control group. To evaluate unilateral effects of stimulation on each structure, the average for each stimulated side was compared, using the Wilcoxon signed rank test, to the corresponding value for the unstimulated side in the two self-stimulation groups. To examine desensitization effects of stimulation on each structure, the average for the stimulated side in the long-term self-stimulation group was compared, using the U-test, to the corresponding value for the short-term self-stimulation group. The average numbers of lever presses for the short-term self-stimulation group were compared, using the unpaired Student's t-test, to the corresponding average for the long-term self-stimulation group. The time-course in changes of lever press scores from the long-term self-stimulation group of animals was analysed using the one-factor repeated measures analysis of variance. Statistically signi!cant level was set at P < 0.05.
RESULTS
Histology
The location of electrode tips in all animals that received rewarding brain stimulation is shown in Fig. 1 . All electrode placements were located in the ventral MFB at the level of LH. There was no consistent difference in electrode loci between short-and long-term self-stimulation groups. Figure 2 represents the mean numbers of lever presses/h in the two self-stimulation groups of animals. On day 1, lever press scores were 5056 ± 305/h (mean ± S.E.M.; n = 6) and 5771 ± 323/h (n = 6), respectively, for the short-and long-term self-stimulation groups, and there was no group difference in the score (t = 1.61, P > 0.05). As depicted in Fig. 2 , animals in the long-term self-stimulation group showed no signi!cant differences in responding from day 1 to day 5 of testing (F 4,20 = 2.41, P > 0.05).
Self-stimulation
Immunohistochemistry
Self-stimulation of the MFB induced the distinct increase of c-Fos-immunoreactive cells in 15 reward-related brain regions. The numbers of labeled cells in these structures counted for each self-stimulation group are shown in Table 1 . c-Fos labeling was sparse (less than !ve labeled cells/structure) in the brain of the control group of animals that received no stimulation. In contrast, intense labeling was observed, both on the stimulated and unstimulated sides, in the brain of rats that received short-term self-stimulation of the MFB. In all of 15 structures examined, the number of c-Fos-like-immunoreactive neurons was signi!cantly higher for the short-term self-stimulation group than for the control group (Mann-Whitney, P < 0.05). Moreover, most of these structures showed higher labeling on the ipsilateral side than on the contra-lateral side of the brain (Wilcoxon, 
DISCUSSION
In the present study, we examined the effect of short-and long-term self-stimulations of the MFB on brain c-Fos expression, using an anatomical tech-nique for mapping cell bodies of activated neurons, 9,30 which enabled us to delineate the brain in which neurons were energized by the rewarding MFB stimulation.
Effect of short-term self-stimulation on c-Fos expression
In eleven of 15 reward-related brain regions examined, the staining was asymmetrically increased with a higher density of immunoreactive cells on the stimulated side compared to the unstimulated side. These regions included the AON, amygdala, m-CPU, LS, BST, VP, SI, LPO, MPO, rostral LH and SN, a result which is almost comparable to previous !ndings. 3 40 Thus, such bilateral projections may in part account for the similarity of staining pattern on both sides observed in the VTA and NAC.
Similar results were obtained from previous studies using 2-deoxyglucose autoradiography, 12, 26, 39 and from a recent report using c-Fos immunohistochemistry. 2 Interestingly, a recent study using a double-labeling procedure identifying both c-Fos expression and tyrosine hydroxylase has demonstrated that a large number of self-stimulationinduced c-Fos-positive cells in the VTA were not co-localized with tyrosine hydroxylase. 14 Since there are two types of mesocortical dopamine neurons, those that increase c-Fos expression after stress and those that do not, 8 a possibility exists that the majority of dopamine neurons in the VTA did not increase c-Fos expression in response to self-stimulation stress, probably due to the de!ciency of the biochemical phenotype necessary to synthesize c-Fos. 4 Thus, the expression of c-Fos in this region is questionable as accurately representing the total number of neurons activated by the rewarding MFB stimulation.
Effect of long-term self-stimulation on c-Fos expression
We demonstrated for the !rst time that long-term self-stimulation of the MFB desensitizes the responsiveness of c-Fos expression. The number of stained neurons greatly decreased on both the ipsilateral and contralateral sides of many brain regions, when compared to the short-term self-stimulation. This c-Fos phenomenon appears to be similar to the desensitization observed after many treatments such as stress, 37 electroconvulsive seizures 38 or manipulations of monoaminergic systems. 5, 6, 15, 29, 34 Thus, the desensitization of c-Fos expression in response to repeated exposure to the same stimuli may be a general phenomenon which occurs across a variety of stimuli. In addition, long-term treatment with the rewarding MFB stimulation caused a large decrease in induction of c-Fos, but did not alter the response rate of self-stimulation,
indicating that c-Fos expression is not necessarily unique to neurons that carry the reward signal.
Regional differences in the desensitization rate of c-Fos expression
About half of the brain regions examined exhibited asymmetrical predominance of stained neurons after both short-and long-term MFB stimulations. However, in the group that received the long-term rewarding stimulation, the cell count was reduced to about 22 70% of that shown by the group that received the short-term rewarding stimulation. Thus, our data again revealed desensitization of the c-Fos response in the ipsilateral m-CPU, VP, SI, MPO and SN, but lack of desensitization of the response in the ipsilateral LPO and rostral LH. It is postulated that self-stimulation of the MFB activates, in the !rst place, the descending myelinated axons, synapsing to cholinergic neurons of the pedunculopontine which project on dopaminergic neurons in the VTA and SN. 40 Thus, ascending dopaminergic !bers appear to be postsynaptically activated to release dopamine in their forebrain terminals. 13, 18, 21, 25 Current physiological 19 and behavioral 2,20 data strongly suggest that some of the !rst-stage axons subserving self-stimulation of the MFB arises from cell bodies near the junction of the anterior LH and the LPO. 33 Therefore, a majority of neurons in the LPO and rostral LH, which are activated directly and antidromically, 2 could result in persistent c-Fos expression after the repeated MFB self-stimulation. On the other hand, immunohistochemical staining revealed that the magnocellular preoptic area and surrounding regions receive dopaminergic inputs from the VTA and SN. 31 It was also found that the VTA sends dopaminergic axons to the VP. 16 Moreover, an anterograde axonal marker, Phaseolus vulgaris leucoagglutin, was used to show that the pontine parabrachial area sends ascending projections to the basal forebrain regions, the BST and neighboring areas. Table 1 . Means and S.E.M.s of cell counts/structure in unstimulation control (n = 7), short-term self-stimulation (n = 6) and longterm self-stimulation (n = 6) groups of animals, ipsilateral and contralateral to the placement of the electrode
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Anterior olfactory nucleus 11.8 ± 0.6 1.2 ± 0.4 55.7 ± 12.8
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